When an auditory target is presented simultaneously with a spatially displaced visual target, the perceived auditory target location shifts towards the visual target. This effect, known as the ventriloquism effect or visual capture, has been extensively studied in the horizontal dimension, but not in distance. Here, we measured distance localization performance in a reverberant room. Stimuli were either audio-visual (AV) 300-ms broadband noise bursts presented synchronously with spatially congruent or incongruent visual stimuli/LEDs, or auditory-only (A-only) noise bursts. One of 8 speakers (distance 70 cm to 203 cm directly ahead of the listener) presented a stimulus on each trial. During adaptation runs, the AV stimuli were presented with the V-component closer or further by 30% than the A-component (displacement direction fixed within session). The ventriloquism effect was observed for both V-closer and V-further AV stimuli, with slightly stronger shifts induced by the V-closer stimuli. Ventriloquism aftereffect, assessed by presenting A-only trials interleaved with the adaptation-AV trials, was also observed, but was weaker than the ventriloquism effect. The results suggest that visual targets do capture auditory targets in the distance dimension, but visual modulation might be asymmetrical with respect to distance.
INTRODUCTION
The "ventriloquism effect" is a perceptual illusion that a sound arises from the location of a visual target when the two stimuli are presented at two different locations (Jack and Thurlow, 1973) . In the "ventriloquism aftereffect," repeated pairings of spatially mismatched visual and auditory stimuli produce a shift in the perceived sound location that persists even when the sound is presented alone (Kopco et al., 2009; Recanzone, 1998) , demonstrating that sound localization can be rapidly recalibrated through experience with mismatched auditory-visual events Wozny and Shams, 2011) . While many ventriloquism studies manipulated the stimulus azimuth (Alais and Burr, 2004; Battaglia et al., 2003; Brainard and Knudsen, 1993) , vision can also affect the perceived distance of sounds. The goal of the current study is to examine the ventriloquism effect and aftereffect in distance.
An early illustration of the ventriloquism effect in distance is the "proximity image effect" (Gardner, 1968) in which an auditory stimulus in anechoic space is perceptually unified with a visual object located closer than the auditory target. Mershon et al., (1980) showed that the effect is also observed in reverberant conditions, where more robust acoustic distance cues are available. Mershon et al., (1980) also noticed that the strength of the effect is asymmetrical. The audio-visual unification fails more often when the visual target is farther than the auditory target. This asymmetry was confirmed by Zahorik (2003) , who found that a visual target captures distant sounds more effectively than it captures closer sounds when the sounds are presented in a virtual reverberant space while the listeners see a single "dummy" target speaker. However, those studies kept the distance of the visual target fixed. Therefore, they could not determine whether the strength of the ventriloquism effect changes with the distance of the stimuli when the relative location of the visual and auditory components is held constant, or whether the asymmetry for closer vs. further visual targets holds at different distances.
Even fewer studies have looked at the ventriloquism aftereffect in distance. Min and Mershon's (2005) data indicate that the visually closer adaptor tends to induce a stronger aftereffect than a visually further adaptor. However, this study focused on a different question, only examined one auditory target distance, and it did not show the ventriloquism effect. Thus it is not known how strong the ventriloquism aftereffect is relative to the ventriloquism effect, whether the aftereffect is in general stronger for V-Closer than VFurther stimuli, or how the aftereffect changes with the target distance. More generally, since vision and hearing represent space fairly differently, it is not known whether the resulting auditory map adaptation would be linear or logarithmical in response to a constant-distance-ratio adapting shift (Shinn-Cunningham et al., 2005) .
Here, we performed an experiment in which we assessed the ventriloquism effect and aftereffect over a range of distances in front of the listener. The auditory-visual (AV) stimuli, which served to assess the ventriloquism effect and to induce the aftereffect, had the relative distance of their A and V components fixed (V was approximately 30% closer or further than A, with the direction of shift fixed within a session). The effects were evaluated relative to baseline A-only performance. Two hypotheses were tested. H1 predicted that there will be ventriloquism effect in the distance dimension, and that it will be stronger in the V-Closer than V-Further condition (similar to (Mershon et al., 1980) or (Zahorik, 2003) ). In addition, we wanted to determine whether the strength of the effect varies with the source distance. H2 predicted that there will be ventriloquism aftereffect, and that it will be stronger for V-closer adaptors (as suggested by Min and Mershon (2005) ). Additionally, we sought to determine how strong it would be (in horizontal studies, the aftereffect was 30 and 80% of the effect, e.g., (Bertelson et al., 2006) or (Recanzone, 1998) ) and whether the size of the aftereffect will vary with distance for the constant distance-ratio AV adaptor.
METHODS

Subjects
Thirty-four subjects participated in the experiment after signing written informed consent as approved by the University of California, Riverside Human Research Review Board. All subjects were naïve to the purpose of the experiment and with no prior experience with this or similar procedure expect one (author CLD).
Setup and Stimuli
A custom-made system was designed to present auditory and visual stimuli (Fig. 1 ). Eight speakers (uniformly spaced from 69 cm to 203 cm at the level of the listener's ears) and 48 LEDs (uniformly spaced from 44.5 cm to 349 cm) were positioned directly ahead of the listener in a dark reverberant room. Speakers were covered by acoustically transparent cloth; LEDs were mounted on a solid wooden frame approximately7 cm above the speaker array. Subjects sat in front of the array that projected in a line away from the subject. The LEDs were leveled such that they were visible from the position of the subject. The auditory stimuli were 300-ms broadband noise bursts (50 pre-generated sound samples), presented alone (A-only) or paired with one LED (AV) in one of three conditions: AV-Aligned, V-Closer, and V-Further. In misaligned conditions V was approximately 30% of A. The deviations were caused by the fact that LEDs spaced linearly above the speakers. Responses were collected using the same LED array and stored on the experimental PC. The stimuli were presented via TDT RX8 multichannel sound processor, a CROWN 8-channel amplifier, and custom-made loudspeakers.
Procedure
The subjects' task was to indicate the location where he or she heard the sound (the subjects were instructed to ignore visual stimuli, if presented, and only base their judgment on auditory stimuli). A scrollball was used to move a light along the LED array to the perceived position and the scroll-ball button to submit the response.
The experiment consisted of two 1-hour-long sessions performed on two different days, each containing 11, 64-trial runs. Runs 1-3 were pre-adaptation runs. In run 1, V-aligned trials were randomly interleaved with A-only trials (25% of trials were A-only). The percentage was the same during all runs with AV stimuli (runs 4-8 and 11). Runs 2 and 3 were A-only, to determine baseline performance. In adaptation phase (runs 4-8), V-Further or V-Closer AV stimuli were presented (fixed within a session). The order of the V-Further and V-Closer sessions were counterbalanced across the subjects. In the post-adaptation phase, runs 9-10 were identical to runs 2-3, and the final run 11 was identical to run 1. FIGURE 1. Experimental setup and stimuli. Circles represent LEDs (open = LED on, filled = LED off). In the AV presentations, only one LED and one speaker was on at any given time. The LED was aligned with the speaker in AVAligned condition. In the V-Closer and V-Further conditions, the LED was approximately 30% closer or further, respectively, than the active speaker.
Analysis
Here we only consider the adaptation data (runs 4-8) and the pre-adaptation baseline data (runs 2-3). Responses were expressed in logarithmic units since response variance is uniform after this transformation. The ventriloquism effect and aftereffect was defined as (log{dist_resp}-log(dist_A-stim) ) / (log{dist_V-stim}-log(dist_A-stim) ) and expressed in %. Pre-adaptation baseline responses were averaged across both sessions. Three-way repeated-measures ANOVA with the factors of condition, distance and ventriloquism was performed to evaluate the significance of the effects (using CLEAVE software; (Herron, 2005) ). Figure 2 presents the results of the experiment. Panel (a) shows the raw responses plotted relative to the A-stimulus location. In the baseline condition, shown by the thick black dashed line, the subjects slightly overestimated the locations of A-only targets for distances of up to 184 cm and their responses were accurate at larger distances.
V-Closer
RESULTS
Circles in Figure 2a show the locations of the V-stimuli, solid lines represent the AV responses (i.e., the ventriloquism effect data), and the dashed lines represent the A-only responses (i.e., the ventriloquism aftereffect data). Green lines with symbol 'x' represent the V-further data, while the blue lines with no symbols represent the V-closer data. We observed a ventriloquism effect in both the V-Closer and VFurther conditions, but the visual capture was never complete (both blue and green solid lines are close to the respective circles, but never aligned with them). The strength of the effect varied with the direction of induced shift as well as with the A-stimulus distance (green solid line decreases with distance while the blue solid line varies less). The ventriloquism aftereffect was also observed, and it was in general weaker than the ventriloquism effect (the values represented by the dashed lines are closer to 0 than the corresponding solid lines in Figure 2a) . To visualize these trends more directly, Figure 2b plots the ventriloquism effect and aftereffect as a percentage of the displacement of the response relative to the AV discrepancy. The strength of the ventriloquism effect in the V-closer condition varied only slightly, from 70% for the nearby targets to 90% for more distant targets (blue solid line in Figure 2b ). In the V-further condition, the effect was the strongest for the nearby sources, reaching 90%, and decreased to only 30% for the far sources (green solid line in Figure 2b ). The ventriloquism aftereffect was weaker than the effect, and its size differed even more between the V-closer and V-further conditions. In the V-closer condition, the aftereffect was very weak, ranging from only 10% for nearby to maximum of 40% for far targets (blue dashed line). In the V-further condition, the aftereffect was very strong for nearby sources (up to 90%, the same value as the ventriloquism effect) and decreased to 0% for the farthest source (green dashed line). To test significance of these effects, a three-way repeated-measures ANOVA was performed on the data shown in Figure 2b , summarized in Table 1 . This ANOVA found all main effects and interactions significant at the level of p < 0.01, except for the main effect of condition. To examine the significant Condition x Ventriloquism interaction, Figure 2c plots the data from Figure 2b averaged across target location. This figure confirms that the ventriloquism effect was stronger than the aftereffect (compare the two left-most vs. the two rightmost bars) and that the difference between the effect and aftereffect was larger in the V-closer than the Vfurther condition (the difference between the two blue bars is larger than the difference between the two green bars). 
DISCUSSION
Here we demonstrated that visual stimuli, presented 30% closer or further than simultaneously presented auditory targets, induce a shift in the perceived location of the auditory targets (ventriloquism effect). The shift persists even when the auditory targets are presented alone (ventriloquism aftereffect).
Supporting the hypothesis H1, the V-Closer stimuli caused stronger ventriloquism effect than the VFurther stimuli, but only for A-targets at distances larger than 1.5 m. For target distances smaller than 1.5 m the size of the effect was approximately equal, or slightly smaller in the V-closer condition. The strongest effect, around 90%, was induced at the far locations in the V-closer condition and at the near locations for the V-further condition. The effect decreased for targets located at the other end of the target range in both conditions. Several mechanisms can explain this pattern of results. For example, the ventriloquism effect observed here is a result of a direction-dependent "cumulative" adaptation. I.e., if the presentation of the VFurther stimulus at a given target location results in adaptation in auditory spatial map at that location and all the closer locations (but not at the further locations), then the distance-ventriloquism effect is expected to decrease with distance in the V-further condition and increase with distance in the V-closer condition.
Subjects also experienced a distance-ventriloquism aftereffect. In the V-Further condition a greater shift of the auditory map was observed, as much as in the AV presentation, and tended to decrease with increasing distance, fading at 2 meters from the listener. In the V-Closer targets condition, the auditory map shifted moderately and increased with increasing distance. The reason for this distance-dependence and direction-dependence of the aftereffect is not clear. In part it can be explained if the baseline performance (black dashed line in Fig. 2A ) is considered as a reference instead of the actual A-target location. In this case, the A-only response shifts in the V-Closer condition are roughly independent of the target distance, corresponding to approximately 20 % of the AV response shift. Also, the difference between the V-Closer and V-Further aftereffect becomes smaller. However, it is still the case that the V-Further aftereffect is larger for near targets (100% of AV) and decreases to 0% of the AV shift.
These results extend those of Gardner (1968) , Min and Mershon (2005) , Zahorik (2003) and show that the ventriloquism effect and aftereffect are more complex when induced over a range of targets, and when additional onset/offset cues are available for audio-visual binding (in all the previous studies, the listeners saw a "dummy" loudspeaker that was visible all the time, even when no sound was presented).
The direction-dependence and distance-dependence observed here might be caused in part by the fact that the AV-discrepancy was not constant at 30% due to technical limitations of our presentation systems (as illustrated by the circles in Figure2a, some LEDs were a bit further and some a bit closer than the desired location). However, these deviations were relatively small, and they were accounted for in the magnitude plots in Figure 2b . Therefore, it is unlikely that the dependences were caused by the technical limitation. Instead, it is more likely that they are influenced by non-uniformity in the auditory and visual distance representations. Future research will be required to address the impact of offset variability in this paradigm.. In summary, we showed that ventriloquism effect and aftereffect can be induced over a range of distances, but that the strength of the effect varies with target distance and V-shift-direction, even when the AV discrepancy is kept approximately constant. The most surprising finding was that while the ventriloquism effect is stronger in the V-Closer condition, the aftereffect is stronger in the V-Further condition. These results are likely due to non-linearities in the visual and auditory distance representations, as well as due to biases in judgements (illustrated here by the baseline data in Figure 2a which are consistent with the "auditory horizon" phenomenon observed in other auditory distance experiments (Zahorik et al., 2005) ). However, further research will be necessary to examine these processes. Finally, the effectiveness of the ventriloquism aftereffect demonstrated here suggests that visual training might be usable as a tool to improve the accuracy of auditory distance judgments under natural conditions, in virtual auditory displays for the hearing impaired.
